The out-of-plane and in-plane polarization of (Pb 0.6 Li 0.2 Bi 0.2 )(Zr 0.2 Ti 0.8 )O 3 (PLBZT) thin film has studied in the dark and under illumination of a weak light source of a comparable bandgap. A highly oriented PLBZT thin film was grown on LaNiO 3 (LNO)/LaAlO 3 (LAO) substrate by pulsed laser deposition system which illustrates well-saturated polarization and its significant enhancement under illumination of light. We have employed two configurations for polarization characterization; first deals with out of plane polarization with single capacitor under investigation, whereas second demonstrates the two capacitors connected in series via the bottom electrode. Two different configurations were illuminated using different energy sources and their effects were studied. The latter configuration shows a significant change in polarization under illumination of light that may provide an extra degree of freedom for device miniaturization. The polarization was also tested using positive-up & negative-down (PUND) measurements which confirm robust polarization and their switching under illumination.
Introduction
The robust and fatigue free ferroelectric polarization is need of future nonvolatile ferroelectric random access memory (NV-FeRAM) elements due to their fast WRITE ability and long durability. In general metal-ferroelectric-metal (MFM) capacitor with out-of-plane polarization configuration has been used for device fabrication and characterization. However, metal electrode diffusion into the ferroelectric layer, development of dead layers at the interface, depolarization field, and broader time relaxation of polarization are major issues for miniaturization of out-of-plane nano-scale devices [1] . Two capacitors connected in series via conducting bottom electrode and their suitability for device applications for various functional properties has not been widely investigated. In this configuration, illumination of thin film heterostructure by a low energy light source not only generates excess optically active charge carriers across the electrode-electrolyte interface but also significantly affects the polarization over the large open area between two capacitors connected in series. In both conditions, polarization, domains, and domain walls could be easily manipulated optically for destructive READ-out techniques [2, 3, 4] . In recent years numerous works have been carried out for domains dynamics, domains and domain walls active role in above bandgap photovoltaic effects, conducting domain walls, and complex domain patterns [5, 6, 7, 8] . Still, the microscopic understanding of basic physics and origin of complex domains structure and their behavior under illumination of an energetic light source is limited. The devices based on out-of-plane polarization for NV-FeRAM would be interesting and may provide high-density logic bits. The basic and applied research for polarization (in both configurations) will open a new avenue for optical-electronic sensors, and non-volatile memory elements [9, 10, 11] .
The manipulation of functional properties such as polarization and conductivity under illumination of a light source have been studied which may provide an extra degree of freedom during device miniaturization [12, 13, 14, 15] . The illumination of thin film heterostructure by a weak light source may be utilized for the making various polarization states if polarization is coupled and controlled by external light source. These features may be utilized in the fabrication of next generation opto-memory elements, bulk photovoltaics, optical sensors and optoelectronics materials and devices [16, 17, 18] . We have also discovered giant enhancement in polarization and reproducible photovoltaic effects in bulk PLBZT ceramics under illumination of weak light [19] . Hu et al. have shown that one can manipulate the electro-resistance, polarization, photovoltage, and ferroelectric tunnel junction based memory states under light illumination [20] .
The ionic polarization and presence of lone pairs (e.g. Bi
3+
and Pb
2+
) have been widely accepted as the main cause for the development of polarization in the ferroelectric matrix, however recently it has been observed that electronic polarization may significantly alter the ionic polarization due to the displacement of central cations and 2p electron orbitals for oxygen ions [21] . The illumination of light populates the optically active charge carriers near the conduction band that re-localized the spatial distribution of electrons in the matrix which in turn modulates the polarization vector. Many optically active polar compounds have been studied which are capable of storing optical information [22, 23] . The illumination of light on thin film heterostructure can easily modify the trap levels, fill the voids, nullify the free charge carriers near the grains and grain boundaries [24] . Bismuth oxide is well studied ferroelectric which traps light due to low bandgap and optically active charge centers, and it can also change their shape and size under illumination [25] The origin of electronic polarization and their contribution to ionic polarization and total polarization is not well understood. The effects of The illumination of light on ferroelectric polarization, fatigue, retention, and conductivity have been widely studied and observed in several ferroelectric materials [26, 27] .The control of dielectric and polarization properties by external light source might be used for high-density memory components, ferrophotovoltaics, optoelectronics gadgets, etc [10, 16] .
In this report polarization and electrical properties have been investigated in two different out-of-plane configurations. We have carried out polarization study on ferroelectric thin films with special focus on two out-of-plane capacitors connected in series via bottom electrode since this particular configuration used an enhanced optically active area between two in-plane semitransparent Au-electrode. In another configuration a standard capacitor with top and bottom electrode was studied. In these conditions, two PLBZT capacitors are connected in series by bottom LNO electrode.
Experimental Methods
The ceramic target of (Pb 0.6 Li 0.2 Bi 0.2 )(Zr 0.2 Ti 0.8 )O 3 (PLBZT) was prepared by a conventional solid-state reaction route and used for fabrication of thin films [19] . Pulsed laser deposition (PLD) technique was employed to grow highly oriented PLBZT films on LaNiO 3 (LNO)/LaAlO 3 (LAO) substrate. Initially, LAO substrate was ultrasonicated in acetone for two minutes and then in methanol for 30 minutes to remove the native oxides and impurities present on the substrate before laser ablation. The thin conducting LNO layer (50 nm) was first deposited on the LAO (100) single crystal substrate for preferential growth and the bottom electrode. The LNO layer was grown at 700 °C temperature, 200 mTorr oxygen partial pressure, 5 Hz frequency, and 1.5-2 J/cm oxygen ambient of 300 Torr for 30 minutes with slow cooling (5 °C/min) down to room temperature. Later a shadow mask is utilized to expose the bottom electrode for characterization.
After mounting the shadow mask, PLD chamber was further taken down to a base pressure of -6 Torr to grow the thin films on LNO coated substrate. The PLBZT thin films of average thickness 150 nm were deposited on this substrate using a KrF Excimer laser (wavelength-248 nm, frequency-5 Hz) with an energy density nearly 1.5 J/cm 3 . The deposition conditions such as deposition temperature, oxygen partial pressure, laser energy, and frequency for PLBZT thin films was kept at 700 °C, 80 mTorr, 1.5 J/cm 3 and 5 Hz, respectively. As-grown films were annealed in-situ in pure oxygen ambiance at 200 Torr and 700 °C for 30 min with slow cooling (5 °C/min) down to room temperature. The phase purity and orientation of these films were examined by X-ray diffraction (XRD); (Bruker AXSD8 Advance X-ray diffractometer) and their thicknesses were determined using a profilometer. The surface topography of the epitaxial thin film was investigated by atomic force microscopy (AFM) (Model: Nanoscope V, Make: Veeco).
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To study the ferroelectric and electrical characteristics, semi-transparent gold (Au) electrodes of average thickness 40 nm in a square shape having a length 100 µm X 100 µm with a separation of 1000 µm were deposited by using a shadow mask and performed electrical characterization as shown in the schematic diagram (see Fig.3 (a &b)). Ferroelectric properties were measured at room temperature using a Radiant ferroelectric tester. The current-voltage characteristics were performed under illuminated of laser and white light using Keithley-236 source-meter at ambient 
Results and Discussion

X-ray diffraction (XRD)
Figure. The XRD peak at 29.4° and hump XRD peak near 37° represent domain twining and impurities of LAO substrate (not shown here). Sometime it develops due to imperfect growth, cutting and polishing conditions of single crystal substrate. The LNO peak is very weak and also shadowed by the highly intense (002) peak of LAO (marked in the Fig.1 (a) ). The XRD patterns of as received LAO substrate is given separately in supplementary information (Suppl. [28] compared to the LNO coated rhombohedral LAO substrate (a = 3.79 Å, c = 13.11 Å) [29] . To explore the effect of strain on the ferroelectric and conductivity properties, the strain (ε) in the films due to lattice mismatch (or misfit) between bulk and thin film was calculated using equation; = × 100, where, ε is the lattice strain, a bulk is the lattice constant of the bulk, and a film is the lattice constant of the film. If ε > 0, films will experience in-plane tensile strain related to their bulk counterpart. Nearly 2.5% inplane tensile strain was observed in the film compared to bulk crystal structure. The magnitude of strain is rather large which favors the condition for orientation of polarization along in-plane which predicts the possibility of large in-plane polarization. well dense wave nature of granular microstructure was seen in most of the investigated area. and Fig. 3(d) , respectively where the top square shape Au electrodes of 100 X 100 µm dimension was fabricated using shadow mask with a separation of 1000 µm. The well saturated and concave nature of polarization loops was observed under dark and illumination of light conditions.
Schematic Illustration of circuit diagram
Ferroelectric Properties
The ferroelectric polarization versus voltage (P-V) hysteresis loops and displacement currents have been investigated to understand intrinsic polarization behavior of the highly oriented film for SC and DC configurations ( Figure. 4(a-d) ). The DC device with 100 µm X 1000 µm active area between two electrodes (connected through bottom LNO electrode) was fabricated to probe the polarization. P-V loops were symmetrical and saturated, and almost frequency independent below 10 Hz probe frequency as can be seen from Fig. 4(a) . ) responsible for ionic polarization (P ion ), resulting an additional electronic polarization (P ele ) in the matrix in the direction of ionic polarization [21] . It is also possible that under illumination of light, a large number of electronic charge carriers jump from valance band to conduction band and developed a shift current due to the asymmetry of the electronic band which may significantly affect the displacement current and overall polarization of the matrix [30] .
PUND analysis
A PUND (positive-up & negative-down) analysis has been carried out to check the intrinsic polarization in both the configurations. We have used a 1ms (width) pulse signal with 15 V pulse amplitude to measure the polarization of DC connected through bottom electrode and for a SC with out-of-plane configuration 10 ms (width) pulse signal with 10 V pulse amplitude.
These pulse widths and pulse amplitudes are optimized for both configurations to achieve maximum control of polarization under illumination. Figure 5 To measure the lifetime of the ferroelectric device under application of the external electric field, a PUND based fatigue characteristics has been carried out on both configurations.
We have applied a train of a pulse having a pulse width 1 ms and amplitude 10 V across the capacitor to check the fatigue characteristic for SC and DC configuration. The switchable remanent polarization versus cumulative time under dark and illumination of white light is displayed in Figure. 5(b,d) . The fatigue results suggest nearly 30% degradation of remanent polarization (2dP) after 10 5 cycles under white light illumination conditions for both the configurations, however, nearly unchanged polarization under dark conditions. These results suggest that the photo-generated charge carriers which relocate the electronic weight in the lattice and saturate after a long period, however, the polarization under illumination are still higher than the dark condition. Figure 6 shows the Tau plot of PLBZT thin films which indicate direct bandgap (~ 3.1 eV) where almost 75% transmission impede however another slope can be seen where almost 100% transmission stop. The last slope gives a direct band nearly 2.5 eV which may be due to the presence of defects in the system. These values are less compared to the basic Ti-rich PZT films (~ 3.5 eV).
Band-gap calculation
3.6
Conduction mechanism in ferroelectric thin films at electrode-film interface. In DC configuration with large distance (1000 µm) between the electrodes to avoid the contribution of photocurrent in intrinsic polarization, but at the same time illumination of light also helps to develop electronic polarization which improves ionic polarization and orient the in-plane polarization vector along the electric field. In general, the photo-generated charge carriers annihilate within few micrometer distances, but some of them hop to the nearest neighbor site and significantly contribute the electrical conduction.
All possible conduction mechanisms have been employed to understand the conduction mechanism of PLBZT thin films, but none of them meet their theoretical criteria except trap assisted space charge limited conduction (SCLC) mechanisms [31] . 
Conclusions:
We have investigated two out-of-plane configurations of PLBZT device; (i) the DC Fig. 1(b) shows the close view of (002) PLBZT film plane and compared with lattice plane of bulk PLBZT ceramics in the same Braggs angle range.
Fig. 2
Surface topography image of PLBZT thin film over an area of (a) 5µm x 5µm and (b) 2µm x 2µm at two different places on the surface. 
